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Gas phase (298.15 K, 1 atm) enthalpies of formation (∆fH
◦
(g)) were calculated at the G4MP2 and G4 levels
of theory using the atomization energy approach for various nitro-substituted borazines proposed as high energy
materials (HEMs). Modest general agreement was obtained between the G4MP2/G4 atomization energy ∆fH
◦
(g)
estimates and those previously reported using density functional theory methods and homodesmic reaction ap-
proaches, with deviations ranging between +9.7 to -56.5 kJ/mol. The results should help constrain the actual
enthalpies of formation for these potential HEMs, and suggest the nitroborazines are a particularly challenging
case for ∆fH
◦




Nitroborazines have been proposed as potential high energy materials (HEMs) [1] (Figure 1). Their gas phase
enthalpies of formation (∆fH
◦
(g)) have not been experimentally determined, but previous theoretical estimates
have been put forward in the literature at the B3LYP/6-311+G(d,p) level of theory (Table 1). In the current
work, we employ the G4MP2 [2] and G4 [3] composite method levels of theory within Gaussian 09 (G09) [4] and
apply the atomization energy approach in ref. [5, 6] to provide additional ∆fH
◦
(g) estimates at 298.15 K and 1
atm for these compounds. Singlet and triplet calculations were performed on all compounds; no triplet ground
states were observed. G09 archive entries are provided in the Supplementary Materials for all compounds.
Modest general agreement was obtained between our G4MP2 and G4 atomization energy ∆fH
◦
(g) estimates for
1 to 8 and those previously reported using density functional theory methods and homodesmic reaction ∆fH
◦
(g)
approaches. Deviations between our G4MP2 ∆fH
◦
(g) estimates and the B3LYP/6-311+G(d,p) data by Janning
and Ball [1] range from +9.7 to -56.5 kJ/mol, with the absolute deviation increasing with increasing molecular
mass (generally related to increasing nitro-substitution). For B- and N-nitroborazine, G4 calculations obtained
∆fH
◦
(g) that were 21.0 and 16.6 kJ/mol lower than the DFT estimates, and 25.2 and 26.3 kJ/mol lower than the
G4MP2 estimates, respectively. G4 calculations were not completed on 3 to 8 due to the computational costs.
Because of the large theory level differences in estimated ∆fH
◦
(g) for these potential HEMs, we also sought to
validate the G4MP2 atomization energy approach for 15 borane derivatives with available experimental ∆fH
◦
(g)
data (Table 2). We obtained good agreement between the experimental and predicted ∆fH
◦
(g) with no evidence
of molecular size scaling errors, yielding mean unsigned, mean signed, and root mean squared deviations of
4.8, 7.0, and 10.1 kJ/mol, respectively, between the G4MP2 and experimental ∆fH
◦
(g) data. Similarly, a G4
∆fH
◦
(g) estimate for borazine gave a value of -504.5 kJ/mol, in better agreement with the experimental value
of -510.0 kJ/mol [8] than the G4MP2 estimate of -484.6 kJ/mol. Consequently, assuming that the G4 level
of theory also provides atomization energy method ∆fH
◦
(g) estimates for substituted borazines with effective
chemical accuracy, the G4MP2 ∆fH
◦
(g) results provided herein are likely overestimated by about 20 to 25 kJ/mol
compared to their actual values. Overall, the results suggest the nitroborazines are a particularly challenging
∗Corresponding author: Tel/Fax: 1.250.487.0166 Email: rayne.sierra@gmail.com. a Ecologica Research, 301-1965 Pandosy Street,
Kelowna, British Columbia, Canada, V1Y 1R9. b Department of Chemistry, Okanagan College, 583 Duncan Ave West, Penticton,










































































































Figure 1: Structures of the nitro-substituted borazines under study.
Table 1: Estimated gas phase enthalpies of formation (∆fH
◦
(g)) at 298.15 K and 1 atm for various nitro-substituted
borazines at the B3LYP/6-311+G(d,p) [1], G4MP2, and G4 levels of theory. Values are in kJ/mol.
compound B3LYP/6-311+G(d,p) [1] G4MP2 G4
B-nitroborazine (1) -593.5 -589.3 -614.5
N-nitroborazine (2) -418.6 -408.9 -435.2
B-dinitroborazine (3) -677.1 -681.9 n/aa
N-dinitroborazine (4) -326.4 -320.7 n/a
B-trinitroborazine (5) -720.5 -763.7 n/a
N-trinitroborazine (6) -195.5 -222.5 n/a
methyl-B-trinitroborazine (7) -680.3 -736.8 n/a
methyl-N-trinitroborazine (8) -245.7 -288.5 n/a




































Table 2: Comparison between G4MP2 estimated gas phase enthalpies of formation (∆fH
◦
(g)) at 298.15 K and 1
atm for various borane derivatives with corresponding experimental data. Values are in kJ/mol.
compound G4MP2 expt. [7]
BH3 104.4 106.7 [8]
B(OH)3 -994.7 -992.3 [8]
BF2H -730.5 -733.9 [8]
BF3 -1130.1 -1135.6±0.8 [9], -1136.0 [8]
BClF2 -885.3 -885.3 [8]
BCl2H -252.5 -248.1 [8]
BCl2F -644.1 -644.3 [8]
BCl3 -409.8 -403.0 [8]
BBrF2 -809.5 -820.1 [8]
BBrCl2 -336.3 -336.8 [8]
BBr2H -105.4 -104.6 [8]
BBr2F -494.6 -514.6 [8]
BBr2Cl -263.2 -272.0 [8]
BBr3 -190.7 -204.2 [8]
borazine -484.6 -510.0 [8]
case for ∆fH
◦
(g) calculations using theoretical methods, and that the highest level composite (e.g., Gn and Wn)
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Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.096001 E(Thermal)= 0.103860
E(CCSD(T))= -445.974395 E(Empiric)= -0.217856
DE(MP2)= -0.507320 DE(HF)= -0.043613
G4MP2(0 K)= -446.647182 G4MP2 Energy= -446.639323
G4MP2 Enthalpy= -446.638379 G4MP2 Free Energy= -446.680076
1\1\GINC-CL1N142\Mixed\G4MP2\G4MP2\B3H5N4O2\KFOREST\09-Jan-2011\0\\# G


























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.094219 E(Thermal)= 0.101956
E(CCSD(T))= -445.908411 E(Empiric)= -0.217856
DE(MP2)= -0.502183 DE(HF)= -0.044125
G4MP2(0 K)= -446.578356 G4MP2 Energy= -446.570619
G4MP2 Enthalpy= -446.569675 G4MP2 Free Energy= -446.611149
1\1\GINC-CL1N078\Mixed\G4MP2\G4MP2\B3H5N4O2\KFOREST\09-Jan-2011\0\\# G


























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.099455 E(Thermal)= 0.110044
E(CCSD(T))= -650.020438 E(Empiric)= -0.293632
DE(MP2)= -0.723900 DE(HF)= -0.064088
G4MP2(0 K)= -651.002602 G4MP2 Energy= -650.992014
G4MP2 Enthalpy= -650.991070 G4MP2 Free Energy= -651.040205
1\1\GINC-CL1N003\Mixed\G4MP2\G4MP2\B3H4N5O4\KFOREST\11-Jan-2011\0\\# G




























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.095754 E(Thermal)= 0.106104
E(CCSD(T))= -649.887546 E(Empiric)= -0.293632
DE(MP2)= -0.714282 DE(HF)= -0.065068
G4MP2(0 K)= -650.864774 G4MP2 Energy= -650.854424
G4MP2 Enthalpy= -650.853480 G4MP2 Free Energy= -650.902143
1\1\GINC-CL1N072\Mixed\G4MP2\G4MP2\B3H4N5O4\KFOREST\11-Jan-2011\0\\# G




























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.102660 E(Thermal)= 0.116082
E(CCSD(T))= -854.062194 E(Empiric)= -0.369408
DE(MP2)= -0.940504 DE(HF)= -0.084521
G4MP2(0 K)= -855.353967 G4MP2 Energy= -855.340545
G4MP2 Enthalpy= -855.339601 G4MP2 Free Energy= -855.396287
1\1\GINC-CL1N001\Mixed\G4MP2\G4MP2\B3H3N6O6\KFOREST\12-Jan-2011\0\\# G






























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.096981 E(Thermal)= 0.110059
E(CCSD(T))= -853.862195 E(Empiric)= -0.369408
DE(MP2)= -0.926916 DE(HF)= -0.085951
G4MP2(0 K)= -855.147489 G4MP2 Energy= -855.134412
G4MP2 Enthalpy= -855.133468 G4MP2 Free Energy= -855.189404
1\1\GINC-CL1N142\Mixed\G4MP2\G4MP2\B3H3N6O6\KFOREST\13-Jan-2011\0\\# G






























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.129741 E(Thermal)= 0.145165
E(CCSD(T))= -893.228035 E(Empiric)= -0.397824
DE(MP2)= -0.991890 DE(HF)= -0.087924
G4MP2(0 K)= -894.575933 G4MP2 Energy= -894.560508
G4MP2 Enthalpy= -894.559564 G4MP2 Free Energy= -894.621439
1\1\GINC-CL1N064\Mixed\G4MP2\G4MP2\C1H5B3N6O6\KFOREST\14-Jan-2011\0\\#


































































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.124602 E(Thermal)= 0.139450
E(CCSD(T))= -893.057779 E(Empiric)= -0.397824
DE(MP2)= -0.984242 DE(HF)= -0.089390
G4MP2(0 K)= -894.404633 G4MP2 Energy= -894.389785
G4MP2 Enthalpy= -894.388840 G4MP2 Free Energy= -894.448587
1\1\GINC-CL1N031\Mixed\G4MP2\G4MP2\C1H5B3N6O6\KFOREST\14-Jan-2011\0\\#


































































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.025986 E(Thermal)= 0.028874
E(CCSD(T))= -26.484613 E(Empiric)= -0.028416
DE(MP2)= -0.044883 DE(HF)= -0.003243
G4MP2(0 K)= -26.535169 G4MP2 Energy= -26.532281














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.048360 E(Thermal)= 0.052777
E(CCSD(T))= -251.819258 E(Empiric)= -0.113664
DE(MP2)= -0.327823 DE(HF)= -0.027454
G4MP2(0 K)= -252.239839 G4MP2 Energy= -252.235423

















































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.017876 E(Thermal)= 0.021004
E(CCSD(T))= -224.695560 E(Empiric)= -0.085248
DE(MP2)= -0.271248 DE(HF)= -0.028603
G4MP2(0 K)= -225.062784 G4MP2 Energy= -225.059656














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.012472 E(Thermal)= 0.015974
E(CCSD(T))= -323.794193 E(Empiric)= -0.113664
DE(MP2)= -0.383618 DE(HF)= -0.041056
G4MP2(0 K)= -324.320058 G4MP2 Energy= -324.316557














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.010746 E(Thermal)= 0.014552
E(CCSD(T))= -683.785660 E(Empiric)= -0.113664
DE(MP2)= -0.359289 DE(HF)= -0.039297
G4MP2(0 K)= -684.287163 G4MP2 Energy= -684.283357














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.014602 E(Thermal)= 0.018154
E(CCSD(T))= -944.684595 E(Empiric)= -0.085248
DE(MP2)= -0.221392 DE(HF)= -0.024640
G4MP2(0 K)= -945.001274 G4MP2 Energy= -944.997722














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.009075 E(Thermal)= 0.013184
E(CCSD(T))= -1043.778814 E(Empiric)= -0.113664
DE(MP2)= -0.334895 DE(HF)= -0.037372
G4MP2(0 K)= -1044.255670 G4MP2 Energy= -1044.251561














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.007410 E(Thermal)= 0.011842
E(CCSD(T))= -1403.775094 E(Empiric)= -0.113664
DE(MP2)= -0.310123 DE(HF)= -0.035323
G4MP2(0 K)= -1404.226795 G4MP2 Energy= -1404.222363














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.010177 E(Thermal)= 0.014172
E(CCSD(T))= -2796.521419 E(Empiric)= -0.113664
DE(MP2)= -0.686370 DE(HF)= -0.093272
G4MP2(0 K)= -2797.404548 G4MP2 Energy= -2797.400552














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.006885 E(Thermal)= 0.011514
E(CCSD(T))= -3516.511418 E(Empiric)= -0.113664
DE(MP2)= -0.637560 DE(HF)= -0.089268
G4MP2(0 K)= -3517.345024 G4MP2 Energy= -3517.340395















































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.013578 E(Thermal)= 0.017410
E(CCSD(T))= -5170.158320 E(Empiric)= -0.085248
DE(MP2)= -0.875071 DE(HF)= -0.132538
G4MP2(0 K)= -5171.237600 G4MP2 Energy= -5171.233768














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.007969 E(Thermal)= 0.012478
E(CCSD(T))= -5269.250848 E(Empiric)= -0.113664
DE(MP2)= -0.989468 DE(HF)= -0.145215
G4MP2(0 K)= -5270.491225 G4MP2 Energy= -5270.486717














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.006353 E(Thermal)= 0.011192
E(CCSD(T))= -5629.248083 E(Empiric)= -0.113664
DE(MP2)= -0.964943 DE(HF)= -0.143127
G4MP2(0 K)= -5630.463464 G4MP2 Energy= -5630.458624















































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.005794 E(Thermal)= 0.010864
E(CCSD(T))= -7741.985059 E(Empiric)= -0.113664
DE(MP2)= -1.292258 DE(HF)= -0.196929
G4MP2(0 K)= -7743.582116 G4MP2 Energy= -7743.577046














































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.092286 E(Thermal)= 0.097536
E(CCSD(T))= -241.923604 E(Empiric)= -0.142080
DE(MP2)= -0.290829 DE(HF)= -0.023101
G4MP2(0 K)= -242.287328 G4MP2 Energy= -242.282077


























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.092286 E(Thermal)= 0.097536
E(CCSD(T))= -241.923604 E(Empiric)= -0.104205
DE(Plus)= -0.019388 DE(2DF)= -0.200690
E(Delta-G3XP)= -0.345289 DE(HF)= -0.022326
G4(0 K)= -242.523216 G4 Energy= -242.517965


























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.096001 E(Thermal)= 0.103860
E(CCSD(T))= -445.974395 E(Empiric)= -0.159781
DE(Plus)= -0.036003 DE(2DF)= -0.326746
E(Delta-G3XP)= -0.568463 DE(HF)= -0.043265
G4(0 K)= -447.012650 G4 Energy= -447.004792





























































Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.094219 E(Thermal)= 0.101956
E(CCSD(T))= -445.908411 E(Empiric)= -0.159781
DE(Plus)= -0.032473 DE(2DF)= -0.326392
E(Delta-G3XP)= -0.567559 DE(HF)= -0.043874
G4(0 K)= -446.944271 G4 Energy= -446.936535

























END OF SUPPLEMENTARY MATERIAL
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